Plant growth and development are a genetically predetermined series of events but can change dramatically in response to environmental stimuli, involving perpetual pattern formation and reprogramming of development. The rate of growth is determined by cell division and subsequent cell expansion, which are restricted and controlled by the cell wall-plasma membrane-cytoskeleton continuum, and are coordinated by intricate networks that facilitate intra-and intercellular communication. An essential role in cellular signaling is played by calcium ions, which act as universal second messengers that transduce, integrate, and multiply incoming signals during numerous plant growth processes, in part by regulation of the microtubule cytoskeleton. In this review, we highlight recent advances in the understanding of calcium-mediated regulation of microtubule-associated proteins, their function at the microtubule cytoskeleton, and their potential role as hubs in crosstalk with other signaling pathways.
Introduction
Plant growth is controlled by complex and intricate signaling networks that integrate internal and external stimuli to coordinate plant development and responses to environmental cues. Within these networks, calcium ions (Ca 2+ ) act as universal second messengers that transduce, integrate, and multiply incoming signals from multiple upstream events (Kudla et al., 2010) . Ca 2+ signaling pathways rely on (i) stimulusspecific encoding of Ca 2+ signals in the cytosol and in noncytosolic compartments, including the nucleus, plastids, and mitochondria, and (ii) cell-and tissue-specific activities of Ca 2+ -decoding modules (Charpentier, 2018; Costa et al., 2018; Kudla et al., 2018) . Signal encoding occurs through generation of Ca 2+ spikes with distinct spatio-temporal patterns that differ in amplitude, frequency, or duration, which are referred to as Ca 2+ signatures. These signatures are shaped by stimulus-specific activities of Ca 2+ channels and Ca 2+ pumps that facilitate Ca 2+ influx and efflux, respectively, mainly from the vacuole, the endoplasmatic reticulum, and the apoplast, which serve as Ca 2+ stores. Decoding modules consist of Ca 2+ sensor proteins, i.e. calmodulins (CaMs), CaM-LIKE proteins (CMLs), Ca 2+ -DEPENDENT PROTEIN KINASES (CDPKs), and CALCINEURIN B-LIKES (CBLs) with their CBL-INTERACTING PROTEIN KINASES (CIPKs). These Ca 2+ sensors collectively confer specificity in signal-response coupling by Ca 2+ -dependent regulation of target proteins, e.g. for precise control of plant growth (Hashimoto and Kudla, 2011; Kudla et al., 2018) . Ca 2+ signaling controls plant growth in part by regulation of the microtubule cytoskeleton (Hepler, 2005 (Hepler, , 2016 , which forms a highly dynamic intracellular network with essential roles in cell division, cell expansion, cell wall biogenesis, intraand intercellular transport, and cellular organization (Lloyd and Hussey, 2001; Sedbrook and Kaloriti, 2008) . Microtubule stability is sensitive to micromolar Ca 2+ concentrations in vitro indicating potential direct effects of Ca 2+ on the microtubule cytoskeleton (Weisenberg, 1972) . The destabilizing effects of Ca 2+ are increased in vitro and in vivo in the presence of CaM (Marcum et al., 1978; Keith et al., 1983) . CaM itself, however, binds microtubules with relatively low affinity (Wu et al., 2006) , suggesting that CaM regulates the microtubule cytoskeleton indirectly by binding to microtubule-associated proteins (MAPs). In that way CaM binding may alter MAP activities, e.g. in bundling, (de-)polymerization, nucleation or cross-linking of microtubules, in mediating microtubule connection with the actin cytoskeleton, or in membrane tethering of microtubules (Lloyd and Hussey, 2001; Oda, 2018) . Studies have indeed revealed differential effects of Ca 2+ and CaM on microtubule stability depending on the presence or absence of CaM-interacting MAPs (Lee and Wolff, 1982; Fisher et al., 1996) . In planta, generation of Ca 2+ signals correlates with altered orientation of microtubules during, for example, touch responses, gravistimulation, cold acclimation or pathogen attack Hardham, 2013; Nick, 2013) . Previous reviews have given a detailed overview of past advances in the understanding of Ca 2+ -mediated control of the microtubule cytoskeleton and the potential role of Ca
2+
-microtubule interaction in cold sensing (e.g. Hepler, 2005 Hepler, , 2016 Nick, 2013; Bergey et al., 2014) . This review summarizes recent developments in the field with a focus on functions and mechanisms of Ca 2+ -dependent regulation of MAPs. Reddy et al., 1996a) , TONNEAU1 (TON1; Azimzadeh et al., 2008) , IQ67 DOMAIN (IQD) proteins (Abel et al., 2005) , MAP18 (Wang et al., 2007) , and MICROTUBULE DESTABILIZING PROTEIN 25 (MDP25; Ide et al., 2007) , have emerged as likely candidates for decoding and transduction of Ca 2+ signals into regulation of the microtubule cytoskeleton. Here, we will highlight recent progress in the understanding of their biological and molecular functions (Box 1) and address open questions.
Regulation of microtubules by

MDP25 and MAP18: Ca
2+
-and Ca
-CaMinteracting proteins at the microtubuleactin nexus
The two paralogous Arabidopsis proteins MDP25 and MAP18, also termed PLASMA MEMBRANE (PM) ASSOCIATED Ca 2+ (CATION)-BINDING PROTEIN (PCaP) 1 and PCaP2, respectively, are Ca 2+ -and Ca 2+ -CaM-binding proteins. They belong to the functionally diverse plant-specific class of DEVELOPMENTALLY REGULATED PM PROTEINS (DREPPs), which are characterized by a conserved N-terminal domain that contains a polybasic region, a highly conserved central domain of about 110 amino acids, and a more variable C-terminal domain (Logan et al., 1997; Vosolsobě et al., 2017) . Compared to MDP25 and other DREPPs, PCaP2/MAP18, which emerged via a gene duplication in the Brassicaceae family, is a more divergent paralog that lacks the central domain (Vosolsobě et al., 2017) . PCaP1/ MDP25 and PCaP2/MAP18 still share multiple biochemical and functional properties, such as a high content of proline, glutamate, lysine, and valine residues, a low isoelectric point (pI) of ~4.8, and a high propensity for intrinsic disorder (Kato et al., 2010b) . Both proteins interact with microtubules and F-actin in vitro and in vivo and possess microtubule depolymerizing and F-actin-severing activity in vitro (Ide et al., 2007; Li et al., 2011; Zhu et al., 2013; Qin et al., 2014) . The encoded proteins attach to the PM, likely via myristoylation and by binding to phosphatidylinositol phosphates (PtdInsPs; Nagasaki et al., 2008; Kato et al., 2013) , a class of regulatory membrane lipids with important roles in plant development and regulation of cytoskeletal dynamics (Box 2A; Heilmann, 2016) . PtdInsP binding is mediated by the first 23 amino acids, the N23 region, which also contribute to microtubule and actin binding in MDP25 (Nagasaki et al., 2008; Kato et al., 2010a; Qin et al., 2014) . PtInsP interaction is reduced by binding of Ca 2+ -CaM to PCaPs in vitro (Kato et al., 2010b) . Ca 2+ -dependent release of PtdInsPs from PCaPs is proposed to enable binding of PCaPs to the plant cytoskeleton and to activate PtdInsP-mediated signaling, e.g. by direct regulation of K + ion channels via PtdInsP 2 interaction, or by generation of soluble inositol pyrophosphates (InsP; Kato et al., 2010b; Qin et al., 2014) . Thereby, PCaPs potentially mediate crosstalk between Ca 2+ and PtdIns signaling. PCaP1/MDP25 and PCaP2/MAP18 are expressed at low levels, mostly in elongating tissues (Ide et al., 2007; Kato et al., 2010a) . MDP25 acts as a negative regulator of hypocotyl elongation in the transition of etiolated seedlings to light growth and destabilizes microtubules after Ca 2+ -dependent release from the PM (Box 3H; Li et al., 2011) . In pollen, MDP25 negatively regulates pollen tube growth via Ca 2+ -dependent enhancement of actin-severing activity in the subapical region of growing pollen tubes (Box 3F; Qin et al., 2014) . MAP18 regulates directional cell growth in roots, root hairs, and pollen tubes, and lobe formation in leaf pavement cells in Arabidopsis (Box 3B, E, F; Wang et al., 2007; Zhu et al., 2013; Zhang et al., 2015) . Overexpression of MAP18 results in wider, twisted organs, which correlates with disorganized arrays of cortical microtubules. Reduced expression of MAP18 in map18 knockdown lines causes a loss of directionality in pollen tube growth and reduced fertility. MAP18 regulates F-actin organization in apical and subapical regions of growing pollen tubes, likely via Ca 2+ -dependent activation of MAP18 actin-severing activity (Zhu et al., 2013) . MAP18 interacts physically with the RhoGTPase ROP2 (Box 1; Kang et al., 2017) , a member of the ROP family of small GTPases that control plant growth and cell polarity during development and defense responses, partially by regulation of the cytoskeleton (Feiguelman et al., 2018) . MAP18 preferentially interacts with the inactive GDP-bound state of ROP2, also via the N23 domain (Box 2A). Binding of MAP18 activates ROP2, which is required for maintaining root hair growth directionality (Kang et al., 2017) .
MAP18, MDP25, and possibly other PCaPs thus emerged as hubs in signaling that integrate ROP, PtInsP, and Ca 2+ signaling at the actin and microtubule cytoskeleton to adjust plant growth and development (for more detailed information on PtdInsP and ROP functions and their crosstalk with each other and with other signaling pathways, see reviews by Krishnamoorthy et al., 2014; Fehér and Lajkó, 2015) . The exact mechanisms that control MDP25 and MAP18 activity, their differential binding to targets, and their crosstalk with the diverse signaling pathways, however, still remain enigmatic.
KCBP: a Ca
2+
-CaM-binding kinesin motor protein KCBP/ZWICHEL is a plant-unique chimeric protein with a C-terminal kinesin 14-type microtubule motor and an N-terminal MyTH4-FERM domain with similarity to protein-protein interaction domains found in myosin VII actin motors (Reddy et al., 1996a) . KCBP binds microtubules via the N-terminal MyTH4 domain and the C-terminal motor, which possesses weak minus-end processivity (Narasimhulu and Reddy, Box 1. Key developments in understanding Ca 2+ signaling to the microtubule cytoskeleton
• Ca
-and Ca 2+ -CaM-interacting microtubule-associated MAP18 affects ROP2 GTPase activity Kang et al. (2017) demonstrated functional and genetic interaction between MAP18 and ROP2 in root hair growth of Arabidopsis. MAP18 binds inactive GDP-ROP2 in competition with Rho-GDI1/SCN1, which affects the subcellular localization of ROP2 and facilitates the transfer of ROP2 into the active GTP-bound form. Thereby, MAP18 may link Ca 2+ signaling and ROP GTPase pathways to regulation of plant growth.
• Novel roles for CaM-binding KCBP in division plane maintenance
In a search for new players of preprophase band memory, Arabidopsis KCBP was identified as an interactor of AIR9 by Buschmann et al. (2015) . KCBP continuously labels the cell division zone and potentially contributes to Ca 2+ -CaM-regulated division plane maintenance via yet unknown pathways.
• Identification of plant-specific IQD families as novel players in CaM-mediated Ca 2+ signaling at membrane-microtubule connections
In a comprehensive analysis of the 33-membered IQD family in Arabidopsis, Bürstenbinder et al. (2017b) showed that most IQD proteins localize to membranes and microtubules where they recruit CaM Ca 2+ sensors. Overexpression of GFP-IQD proteins correlated with altered microtubule organization and plant growth and suggested important roles of IQDs in regulation of the microtubule cytoskeleton.
• IQD-interacting KLCR/CMUs mediate PM-microtubule interaction to provide a counter force against pushing cellulose synthase complexes
The work of Liu et al. (2016) identified Arabidopsis KLCR/CMUs as novel MAPs that tether microtubules at the PM to control lateral stability of cortical microtubules required for directed movement of cellulose synthase complexes. KLCR/CMUs physically interact with IQD proteins, thus pointing to roles of CaM-dependent regulation of IQD proteins in tethering of microtubules to the PM.
• Emerging role of IQD proteins at the PM-microtubule junction to spatially confine ROP signaling Sugiyama et al. (2017) identified Arabidopsis IQD13 as a potential scaffold for ROP domains and microtubules that controls xylem cell wall deposition via physical interaction with microtubules and the PM. Based on their observations the authors propose a role for microtubule-membrane interactions as lateral fences that spatially define membrane subdomains and potentially link Ca 2+ -CaM signaling to spatial control of membrane compartmentalization. -CaM binding of TON1 may regulate its function during cell division, e.g. by affecting the formation or activity of the TON1-TRM-PP2A phosphatase complex, which is required for division plane establishment. (D, E) IQD proteins fulfil multiple functions in cytoskeleton regulation and at the PM. Via interaction with GSK2/BIN2, IQD proteins may regulate BR signaling by repressing GSK-mediated phosphorylation of BZR1 (D). CaM signaling additionally may contribute to regulation of BR signaling by interaction with the BR receptor BRI1. IQDs localize to microtubules and the PM and potentially regulate microtubule bundling, crosslinking, assembly, and rescue (E). Members of the IQD family interact with KLCR/CMU proteins and with CaM at their distinct subcellular sites. Ca 2+ -CaM-dependent binding of IQD18 to SPR2 potentially affects SPR2-mediated regulation of KTN1 microtubule-severing activity. IQD-mediated PM-microtubule connections are proposed to serve as lateral fences to separate PM subdomains (e.g. of ROPs) or, together with KLCR/CMUs, to stabilize microtubules against the pushing forces of CSCs. 1998; Tian et al., 2015; Yamada et al., 2017) . It mediates microtubule bundling in vitro, consistent with the presence of two microtubule binding sites (Box 2B; Kao et al., 2000; Tian et al., 2015) . Like MAP18 and MDP25, KCBP additionally interacts with actin, which is mediated by the FERM domain, and thus potentially functions in coordination of the two cytoskeletal elements (Tian et al., 2015) . KCBP interacts with Ca
-CaM and KCBP-INTERACTING Ca 2+ BINDING PROTEIN (KIC) via C-terminal CaM and KIC binding domains within the regulatory domain (Reddy et al., 1996a, b) . Interaction with Ca 2+ -CaM or Ca 2+ -KIC abolishes microtubule binding in vitro (Deavours et al., 1998; Narasimhulu and Reddy, 1998; Vinogradova et al., 2009) . KIC additionally binds to Ca 2+ -CML42 (Dobney et al., 2009) , indicating additional levels of Ca 2+ -and CaM/CML-mediated regulation of KCBP function (Buschmann and Lloyd, 2008) . KCBP is expressed throughout plant development, preferentially in roots, trichomes, and pollen , and Arabidopsis kcbp loss-of-function lines display defects in trichome morphogenesis (Oppenheimer et al., 1997) . KCBP physically interacts with ANGUSTIFOLIA (AN; Folkers et al., 2002) and TRICHOME CELL SHAPE 1 (TCS1; Chen et al., 2016) , which regulate microtubule organization and dynamics. Networks of KCBP, KIC, CML42, TCS1, and AN likely control trichome branching and development in Arabidopsis (Box 3A; Oppenheimer et al., 1997; Dobney et al., 2009; Chen et al., 2016) . Trichome morphology, however, can be rescued by genetic complementation of kcpb knockout plants with a KIC/CaM-binding domaindeleted genomic KCBP fragment (Tian et al., 2015) indicating that Ca 2+ -dependent regulation of KCBP is not required during trichome development.
Immunological studies with antibodies directed against the CaM-binding region of KCBP point to additional roles of KCBP in cell division (Box 3D; Vos et al., 2000) . During cell division, KCBP localizes to mitotic cytoskeletal arrays, including the preprophase band (PPB), the spindle, and the phragmoplast, which define the future division plane, facilitate chromosome segregation, and mediate delivery and deposition of the newly forming cell plate, respectively (Bowser and Reddy, 1997; Buschmann et al., 2015; Smertenko et al., 2017) . In addition, KCBP localizes to the cortical division zone, a microtubule-depleted region at the cell cortex that forms after PPB disassembly and serves as PPB memory (Box 1; Buschmann et al., 2015) , and physically interacts with AUXIN-INDUCED IN ROOT CULTURES 9 (AIR9), which is an evanescent marker of the division site (Box 2B; Buschmann et al., 2006) . Root growth of kcbp mutants is increased in conditions of high sucrose and continuous light, which likely involves upstream signaling from PROLINE-RICH EXTENSIN-LIKE RECEPTOR-LIKE kinases (PERKs), a class of potential cell wall sensors, via KCBP-INTERACTING PROTEIN KINASES (KIPKs) to KCBP (Day et al., 2000; Humphrey et al., 2015) . The precise role of KCBP during cell division, however, is unknown because Arabidopsis kcbp loss-offunction mutants do not show any obvious growth defects, such as defects in cell plate positioning often associated with defects in PPB memory (Buschmann et al., 2015) .
Collectively, existing data suggest that KCBP functions during trichome development are independent of Ca 2+ but may be regulated in a Ca 2+ -CaM-dependent manner during root growth. KCBP, which emerged as a continuous marker of the cell division site, thus may link Ca 2+ signaling to the regulation of division plane maintenance. In addition, it may connect cell wall sensing to regulation of microtubules via a PERK-KIPK-KCBP module. It remains to be established if KCBP interacts genetically with PERKs and KIPKs and whether Ca 2+ -mediated regulation is required for in planta activity during root growth. To address its role during cell division it will be imperative to identify novel interactors, both genetically and physically, e.g. by analysis of synthetic mutant phenotypes, which has proven a powerful tool to uncover novel roles of AIR9 during cell division (Mir et al., 2018) .
Ca
2+
-dependent regulation of TON1 by centrins/CMLs? Tonneau1 (TON1) proteins are plant-specific proteins with important roles in division plane establishment during cytokinesis (Box 3D; Azimzadeh et al., 2008) . They share similarity to human centrosomal proteins in their N-terminal TON1-OFD1-FOP (TOF) motif and contain a central LisH dimerization motif and a C-terminal PLL motif predicted to participate in dimerization. TON1 is targeted to microtubules by TON1 RECRUITMENT MOTIF (TRM) proteins, a plant-specific family of MAPs, and localizes to cortical microtubules in interphase cells and to the PPB (Drevensek et al., 2012) . The formation of a PPB requires a complex of TON1, TRM proteins, and a PROTEIN PHOSPHATASE 2A (PP2A) holoenzyme, termed the TTP complex (Box 2C; Spinner et al., 2013; Schaefer et al., 2017) . TON1 physically interacts in yeast with Arabidopsis CENTRIN (CEN)1/CML20 and CEN2/CML19, a class of Ca 2+ binding proteins with similarity to CaM (Azimzadeh et al., 2008) . In animals, CENs play key roles in the dynamic behavior of centrosomes, which function as important microtubule organizers and as coordination centers that assemble cell cycle regulators, signaling molecules, and checkpoint proteins (Schatten and Sun, 2015) . Plants, however, lack centriole-containing microtubule organizing centers and the functions of CEN/CMLs in plant cell division and in regulation of TON1 function are unknown. Moreover, unlike in animals where PP2A phosphatase is a major regulator of several MAPs (Hoffman et al., 2017; Enos et al., 2018) , in planta targets of TTP/PP2A phosphatase activity are largely unknown. It thus remains elusive if and how CEN/CML binding may regulate TON1 function, e.g. by affecting TON1 incorporation into the TTP complex or by regulating PP2A phosphatase activity of the TTP complex. Notably, TON1 and KCBP both interact with CaM/CML isoforms. Ca 2+ -CaM/CML signaling thus may exert control over microtubule organization during plant cell division to regulate division plane establishment and/or maintenance.
IQD proteins: plant-specific CaM-binding MAPs IQD proteins constitute possibly the largest class of bona fide CaM/CML targets in plants, encoded by multigene families in Arabidopsis, rice, tomato (Solanum lycopersicum), and many other land plants, including the moss Physcomitrella patens (Abel et al., 2005; Huang et al., 2013; Feng et al., 2014; Dou et al., 2018) . Members of this family are characterized by their central, eponymous IQ67 domain, which mediates binding to CaM in the absence and presence of Ca 2+ (Abel et al., 2005; Bürstenbinder et al., 2013; Mitra et al., 2018) . A further hallmark is the presence of large regions of putative intrinsic disorder with interspersed predicted molecular recognition features, characterized by short family-specific motifs of unknown function, a structural feature often found in proteins with scaffolding function, e.g. for assembly of signaling modules. IQD proteins harbor a high content of basic amino acid residues (lysine, arginine), resulting in high pI values of ~10.3 (Abel et al., 2005) . Members of the IQD family localize to microtubules, the PM, and the nucleus (Box 1; Bürstenbinder et al., 2013 Bürstenbinder et al., , 2017b Duan et al., 2017) , which is regulated cell cycle dependently for some IQD proteins (Wendrich et al., 2017, Preprint; Yang et al., 2018) . Distinct domains mediate subcellular localization, likely by electrostatic interaction between polybasic regions within IQD proteins and acidic tail regions of tubulins or acidic head groups of phospholipids, respectively (Bürstenbinder et al., 2017b; Duan et al., 2017; Sugiyama et al., 2017; Liang et al., 2018) . IQDs recruit CaM Ca 2+ sensors to their distinct subcellular sites and thereby possibly provide platforms for integration of CaM signaling into regulation of microtubule dynamics and organization (Bürstenbinder et al., 2013 (Bürstenbinder et al., , 2017b .
IQD proteins have emerged as key regulators of plant development that control fruit size and shape (Xiao et al., 2008 , Wu et al., 2011 , van der Knaap et al., 2014 Pan et al., 2018; Dou et al., 2018) , grain size (Duan et al., 2017; Liu et al., 2017) , leaf shape (Wu et al., 2011; Bürstenbinder et al., 2017a, b) , and seed germination (Bi et al., 2018) , in part by regulation of microtubule organization and dynamics (Box 3B, C, D, G; Bürstenbinder et al., 2017b; Liang et al., 2018) . Most IQD genes are expressed at relatively low levels, preferentially in meristematic and elongating tissues (Bürstenbinder et al., 2017b; Wendrich et al., 2017) . IQD expression is regulated by the phytohormones auxin , gibberellic acid (Zentella et al., 2007) , cytokinin (Rashotte et al., 2003) , abscisic acid (Bi et al., 2018) , and jasmonates . IQDs potentially exhibit microtubule bundling or crosslinking activity as indicated by the presence of multiple microtubule binding domains in Arabidopsis IQD13 (Box 1; Sugiyama et al., 2017) and by the different patterns of microtubule organization and microtubule bundle thickness upon overexpression of GFP-fused Arabidopsis IQD proteins in Nicotiana benthamiana (Bürstenbinder et al., 2017b) . IQD proteins further regulate microtubule stability by promoting assembly and/or rescue of individual microtubules (Sugiyama et al., 2017; Liang et al., 2018) and may contribute to regulation of microtubule dynamics by physical interaction with other MAPs, such as SPIRAL2 (SPR2) or AN (Box 2E). First experimental data suggest that interaction of Arabidopsis IQD18 with SPR2 is abolished in the presence of Ca 2+ -CaM (Wendrich et al., 2018, Preprint) . Release of SPR2 upon elevated Ca 2+ levels may control microtubule dynamics, e.g. by SPR2-dependent effects on the severing activity of KATANIN1 (KTN1; Nakamura et al., 2018; Wendrich et al., 2018, Preprint) .
IQD functions additionally encompass the microtubule-PM connection as evidenced by dual PM-microtubule localization (Bürstenbinder et al., 2017b; Sugiyama et al., 2017) . Physical connections between cortical microtubules and the PM play important roles in several cellular processes, including the deposition of cellulose fibrils by microtubule-guided cellulose synthase complexes (CSCs) and the delivery of non-cellulosic cell wall material via the secretory pathway (Oda, 2018) . Consistent with roles in cell wall biogenesis, iqd knockout lines display defects in the deposition of cell wall material (Sugiyama et al., 2017; Mitra et al., 2018) . IQD proteins physically interact with KINESIN LIGHT CHAIN RELATED (KLCR)/ CELLULOSE-MICROTUBULE UNCOUPLING proteins (CMUs) (Mukhtar et al., 2011; Bürstenbinder et al., 2013) , which are required to stabilize cortical microtubules against the pushing force of CSCs during deposition of cellulose fibrils (Boxes 1, 2E; Liu et al., 2016) . Experimental data suggest that IQD proteins stabilize KLCR/CMUs at microtubules (Bürstenbinder et al., 2013) , which points to roles of IQD-KLCR/CMU modules in the regulation of microtubule-PM connections. In addition, IQD-mediated PM tethering of microtubules may serve to provide lateral fences for subcompartmentalization of membranes into specialized subdomains, e.g. to facilitate the site-specific accumulation of ROP signaling domains (Sugiyama et al., 2017) . Lastly, OsIQD21/ GW5/GRAIN SIZE ON CHROMOSOME5 (GSE5) physically interacts with the BRASSINOSTEROID (BR) INSENSITIVE 2 (BIN2) homolog in rice, GLYCOGEN SYNTHASE KINASE 2 (GSK2), which is a negative regulator of BR responses in plants (Box 2D). Binding of OsIQD21 represses GSK2 kinase activity (Liu et al., 2017) and thus may link Ca 2+ signaling to regulation of BR-dependent growth regulation. Notably, Arabidopsis BIN2 has recently been shown to directly bind microtubules and regulate microtubule organization -CaM-dependent phosphorylation of tubulins and MAPs plays important roles in regulation of microtubule organization in animals (Ramkumar et al., 2018) . Phosphorylation within the microtubule-binding domain reduces, for example, microtubule binding affinity and microtubule bundling activity in several MAPs. The PhosPhAt database provides evidence for phosphorylation of many plant MAPs, including PCaPs, KCBP, TON1, TRMs, IQDs, KLCR/CMUs, SPR2, KTN1, and MAP65 isoforms (Durek et al., 2010) , but no microtubule-related targets of Ca 2+ -dependent phosphorylation by CDPKs or CBL-CIPK networks have been identified so far Simeunovic et al., 2016) . Ca 2+ -CaM, however, physically interacts with kinases, such as MAP kinase 8 (MPK8; Takahashi et al., 2011) , or BR INSENSITIVE1 (BRI1; Oh et al., 2012) (Box 2D) and PHYTOSULFOKINE (PSK) RECEPTOR1 (PSKR1; Hartmann et al., 2014) , two members of the LEUCINE-RICH REPEAT RECEPTOR-LIKE KINASE (LRR-RLK) family that function as receptors for the phytohormone BR and for peptide growth factors of the PSK class, respectively. CaM-dependent regulation of MPKs and LRR-RLKs, which are important regulators of plant growth, thus may provide an additional layer of Ca 2+ -dependent regulation of microtubule organization, which remains to be elucidated in future studies.
Conclusion and open questions
Experimental data provide evidence for important roles of Ca 2+ and CaM in regulation of the plant microtubule cytoskeleton, in part via Ca 2+ -and CaM-binding MAPs (Hepler, 2005 (Hepler, , 2016 . Several of these MAPs interact with both the actin and the microtubule cytoskeleton and potentially link early Ca 2+ signaling to the coordination of the two cytoskeletal elements for precise execution of growth regulation. Most Ca 2+ -CaMbinding MAPs additionally participate in other important cellular signaling pathways, such as phytohormone, ROP GTPase, and PtsInsP signaling. Thereby, Ca
2+
-dependent regulation of MAPs may fine-tune stimulus-specific cellular responses via spatio-temporal coordination of multiple cellular signaling networks. The recent improvements in the development of genetically encoded Ca 2+ sensors provide promising tools for cell-specific analysis of Ca 2+ signals, e.g. during cell division or cell expansion (Waadt et al., 2017; Himschoot et al., 2018; Walia et al., 2018) . The main challenge still lies in the identification of MAP-interacting CaM/CMLs, which is hampered by the presence of large gene families encoding CaM/CMLs in plants . Together, insights into spatio-temporal specificities of CaM/CML-dependent regulation of MAP functions will provide a suitable fundament to unravel the precise molecular mechanisms by which Ca 2+ -CaM-binding MAPs embark on distinct signaling pathways to control plant growth and development.
